We present the results of an experimental study about strain effects on the core band gap and diameter of spherical bare CdSe core and CdSe/ZnS core/shell quantum dots (QDs) synthesized by using a colloidal technique at varying temperatures. Structural characterizations were made by using X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) techniques. Optical characterizations were made by using UV-Vis absorption and fluorescence emission spectroscopies. e XRD analysis suggests that the synthesized bare CdSe core and CdSe/ZnS core/shell QDs have zinc blende crystal structure. HRTEM results indicate that the CdSe core and CdSe/ZnS QDs have average particle sizes about 3.50 nm and 4.84 nm, respectively. Furthermore, compressive strain causes an increase (decrease) in the core band gap (diameter) of spherical CdSe/ZnS core/shell QDs at any temperature. An elastic strain-modified effective mass approximation (EMA) predicts that there is a parabolic decrease (increase) in the core band gap (diameter) of QDs with temperature. e diameter of spherical bare CdSe core and CdSe/ZnS core/ shell QDs calculated by using the strain-modified EMA, with core band gap extracted from absorption spectra, are in excellent agreement with the HRTEM data.
Introduction
Group II-VI compound semiconductor-based spherical bare CdSe core and CdSe/ZnS core/shell quantum dots (QDs) have generated much interest among device scientists and engineers because of their potential use in fabrication of new generation solar cells, light-emitting diodes (LEDs), fluorescent biosensors etc. [1] [2] [3] [4] [5] [6] . When CdSe and ZnS are brought in contact to form a heterostructure CdSe/ZnS core/ shell QD by using a crystal growth technique, conduction and valence band edges of core and shell regions are aligned in a way that an electron-hole pair excited near the heterointerface (Type I structure) tend to localize in the core region. e exciton energy in Type I core/shell QDs is the result of a direct exciton transition inside the core. Figure 1 shows the schematic cross-sectional view, formation, and band diagram of a spherical heterostructure. e difference in the band gaps of CdSe and ZnS is accommodated by the spike ΔE c in conduction band and the potential step ΔE v in valence band at the heterointerface, causing the electron and hole confinement in the CdSe core, creating an electron-hole pair there.
As a nanoscale heterostructure core/shell QD is formed between two semiconductors with different lattice constants and thermal expansion coefficients, an elastic strain develops across the heterointerface. e elastic strain can modify the structural, electronic, optical and dielectric properties of constituent semiconductors in a way that is not seen in twodimensional quantum wells and superlattices. If the core lattice constant is greater than the shell lattice constant, the core (shell) region will be under compressive (tensile) elastic strain, resulting in an increase (decrease) in the core (shell) band gap energy and a decrease (increase) in the diameter. Reliable and precise determination of the magnitude of interface strain effects on structural and electronic properties of core/shell QDs become important in determining their tunable properties such as the core band gap and diameter, which are essential for predicting their potential as electronic and optical devices. e aim of this work is to prove that elastic strain has parabolic effects on the band gap and diameter of bare CdSe core and CdSe/ZnS core/shell QDs as a function of temperature, which were synthesized by using a colloidal technique and characterized by using X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), UV-Vis absorption, and fluorescence emission techniques, respectively. Colloidal synthesis of CdSe core and CdSe/ZnS core/shell QDs is summarized in Section 2. e results of HRTEM and XRD characterizations of the size of QDs will be discussed in Sections 3.1 and 3.2, respectively. e optical UV-Vis absorption and fluorescence emission spectral analysis of QDs will be presented in Sections 3.3 and 3.4, respectively. e core diameter of QDs calculated by using strain-modified two-band effective mass approximation, with the core band gap extracted from UV-Vis absorption spectra, will be compared with the results of HRTEM analysis.
Synthesis of CdSe Core and CdSe/ZnS Core/
Shell QDs e bare CdSe core quantum dots were synthesized by using modifications of the method of He and Gu [7] . During the synthesis reaction, 0.69 g cadmium acetate and 2.5 mL oleic acid were dissolved with 10 mL phenyl ether in a three-neck flask.
e reaction mixture was heated to 140°C under stirring and continuous nitrogen flow and then the mixture was cooled to room temperature. en 3 mL 1M TOPSe was added to the mixture rapidly and heated to high temperatures (e.g., 160°C and 170°C) for 1 to 20 minutes of reaction times.
e CdSe/ZnS core/shell QDs were synthesized by using modification of the technique by Zhu et al. [8] . In brief, the resulting core solution (reaction for 1 to 20 minutes), Zn(OAc) 2 -2H 2 O (0.085 mmol), and S powder (0.085 mmol) were mixed together in a reaction vessel. e reaction volume was adjusted to 15 mL by adding paraffin liquid. Next, with stirring, the mixture was degassed at 80°C for about 20 minutes. Afterwards, temperature was set to 160°C to 170°C for the capping of CdSe core with ZnS under N 2 atmosphere. e reaction mixture was cooled down to 300 K after 50 minutes and then 1 mL aliquot crude solution was washed with methanol and isolated by centrifugation to remove excess insoluble organics and salts that may have formed during the reaction. After the fine isolation of growth CdSe/ZnS core/shell QDs, the precipitation was dissolved with different volume of hexane. e reaction was monitored with Shimadzu UV-Vis NIR absorption spectrometer with aliquots taken at different time and temperature.
Results and Discussion

HRTEM Characterization Results.
e synthesized bare CdSe core and CdSe/ZnS core/shell nanocrystals were characterized by using high-resolution transmission electron macroscopy (HRTEM) with JEOL JEM-ARM200CFEG UHR-TEM at an acceleration voltage of 200 kV. A drop of dispersed nanocrystals diluted in n-hexane dropped over an amorphous carbon substrate supported on a copper grid of 400 mesh for taking images. Figure 2 indicate that both the bare CdSe core and CdSe/ZnS core/Shell NCs are uniform in size and shape. e nanocrystal size becomes larger as reaction time is increased. We estimate the average diameters of bare CdSe core and CdSe/ZnS core/shell NCs are 3.50 nm and 4.84 nm, respectively.
One can estimate the thickness of ZnS shell by subtracting the size of the bare CdSe core from that of the CdSe/ ZnS core/shell QD. However, since changes in the core size during the shell deposition is inevitable due to strain across the core/shell interface, TEM images after the shell 2 Advances in Materials Science and Engineering deposition may not be a reliable reference to estimate the exact core size.
XRD Characterization
Results. X-rays diffraction technique is used for determining the mean size of single crystal nanoparticles and nanocrystallites in bulk materials. X'Pert MRD (XL) X-ray diffractometer operating at 45 kV/40 mA using copper Kα line (λ � 0.15406 nm) was used in the structural characterization of the bare CdSe core and CdSe/ ZnS core/shell nanocrystals. Figure 3 shows the comparison of the XRD patterns of bare CdSe core and core/shell CdSe/ ZnS NCs both prepared at 170°C. e XRD spectra for samples were fitted by a Gaussian profile for each peak and a quadratic function for the background. e XRD pattern of bare CdSe core NCs exhibits broad peaks at 2θ values of 25°related to (111), 42°to (220), and 48°t o (311) crystalline plane for low-temperature-synthesized zinc-blende CdSe JCPDS data base (Joint Committee on Powder Diffraction Standards file No. 77-2100). ere is a slight shift in the XRD pattern after capping the CdSe core with ZnS shell to form a CdSe/ZnS core/shell NC. e broad nature of the peaks suggests nanocrystalline particles. Here, we point out that there is no drastic change in the diffraction patterns of CdSe/ZnS core/shell NCs relative to that of bare CdSe core NCs. is is due to the fact that the thickness of ZnS shell layer is very small (about one monolayer). Although during purification almost all of paraffin was extracted from aliquots, paraffin as an amorphous element suppresses peaks in the XRD pattern. e XRD patterns in Figure 3 provide strong evidence that bare CdSe core and core/shell CdSe/ZnS NCs have a zinc-blende (ZB) crystal structure. No reflection pattern from wurtzite lattice structure (102) at 2θ ≈ 35°and (103) at 2θ ≈ 46°is found in the XRD pattern, which is considered as further evidence that bare CdSe core and CdSe/ZnS core/shell NCs have a ZB crystal structure.
UV-Vis Absorption and PL Emission Characterization
Results. Figures 4(a) and 4(b) compare the growth temperature effects on the absorption and emission spectra of bare CdSe core QDs synthesized at 155°C, 165°C, and 175°C for 5 and 10 minutes of reaction times. e position of the maximum wavelength at which absorption and emission coefficients of bare CdSe core NCs are maximum tends to slightly shift to higher wavelengths as temperature is increased. Emission peaks vary between 507 nm to 542 nm for different reaction times.
Figures 5(a) and 5(b) compare the effect of growth temperature on the absorption and emission coefficients of CdSe/ZnS core/shell QDs synthesized at 160°C, and 170°C for 1, 5 10, and 20 minutes of reaction times. e emission peaks of core/shell NCs range from 550 to 570 nm, corresponding to the full-width at half maximum (FWHM) of band-edge luminescence between 32 nm and 36 nm.
One can observe from the PL emission spectra that the PL output wavelengths corresponding to the emission peaks of CdSe/ZnS core/shell NCs are in the range between 507 nm and 542 nm for different reaction times. e PL emission peaks increase with increasing temperatures. e first exciton transition energies in UV-Vis optical absorption spectra are known as the core band gaps of both spherical bare CdSe core and CdSe/ZnS core/shell QDs, and they are determined from UV-Vis absorption spectral data shown in Figures 4 and 5 at maximum wavelength according to conventional expression [9] .
where E nc g (d) is the core band gap measured at the maximum wavelength λ max at which absorption of nanoparticles is maximum and c and h are, respectively, the speed of light and Planck's constant. e quantum yield of bare CdSe core and CdSe/ZnS core/shell QDs were calculated by comparing with a standard (Rhodamine-101 in ethanol), with an assumption of its QYs as 95%, and using the data from the fluorescence and absorbance spectra of QDs, estimated using the following expression [10] :
where I x (sample) and I s (standard) are integrated emission peaks, upon 480 nm excitation; A x (sample) and A s (standard) are absorption areas at 480 nm; n x (sample) and n s (standard) are refractive indices of solvents; and φ x and φ s are FL QYs for measured and standard samples. e maximum wavelengths of UV-Vis absorption and PL emission and corresponding Stokes shifts and full width at half maximum (FWHM) for bare CdSe QDs, synthesized from 150°C to 175°C, are given in Table 1 for 5 and 10 minutes of reaction times. e peak intensity values of UV-Vis absorption and PL emission spectra, Stokes shift, full width at half maximum (FWHM), and quantum yield (QY) of CdSe/ZnS core/ shell QDs synthesized at 160°C and 170°C are listed in Table 2 for reaction times between 1 and 20 min., respectively. e fluorescence quantum yield (QY) of CdSe/ ZnS core/shell QDs synthesized at 160°C and 170°C increases monotonically from 27% to 45% with reaction time increase and decreases as reaction time is increased further.
is result suggests that one can optimize the reaction time to get maximum quantum yield. Furthermore, the FWHM of CdSe/ZnS core/shell QDs synthesized at 170°C (160°C) decreases (increases) as reaction time is increased. e difference between the first exciton energy of absorption spectra and the PL peak energy in emission spectra at the maximum wavelength is known as the Stokes shift, given as ΔE � 2SZω p , where Zω p is the energy of the photon coupled to the electron (25 meV for CdSe), and S is called the Huang-Rhys factor [11] , which is the measure of the strength of electron-phonon coupling. Figure 6(a) shows the temperature dependence of the maximum wavelength of absorption and emission spectra and Stokes shift of the bare CdSe core QD as a function of temperature for several reaction times. e maximum wavelength of emission and the absorption spectral data given in Table 2 are used to study the effect of the growth temperature and reaction time on the Stokes shifts in CdSe/ZnS core/shell QD. Figure 6 (b) shows the reaction-time dependence of the Stokes shift of CdSe/ZnS core/shell QD synthesized at 160°C and 170°C.
Stokes shift in bare CdSe core NCs is observed to have a parabolic decrease with temperature increase and can be fitted to the following expression:
which indicates that increasing temperature decreases the magnitude of the Stokes shift and the corresponding Huang-Rhys factor, due to the increasing effect of the electronphonon interaction with the temperature increase. Furthermore, the reaction time dependence of the Stokes shift in the spherical CdSe/ZnS core/shell QD synthesized at 160°C and 170°C shown in Figure 6 (b) indicates that increasing reaction time has a varying effect on the magnitude of the Stokes shift and the corresponding Huang-Rhys factor.
3.4. Discussion. e conventional two-band effective mass approximation [12] gives a qualitative understanding of the confinement effects on core band gap and diameter of quantum dots. In this model, the solution of the Schrödinger equation for a particle in a spherical box gives the first 452  521  69  31  155  476  525  49  33  160  484  527  43  42  165  496  532  36  65  170  508  538  30  43  175  512  541  29  48   10   150  453  525  72  30  155  481  527  46  32  160  488  530  42  33  165  500  535  35  32  170  512  542  30  44  175 516 545 29 62 Advances in Materials Science and Engineering 5 excited state (1s-1s) energy (core band gap) of nanoparticle, given by the following expression:
where E b g is the band gap, m * cv � m * e m * h /(m * e + m * h ) is the reduced effective mass of the electron-hole pair with effective masses of electrons and holes m * e and m * h , respectively, and ε ∞ is the optical dielectric constant of CdSe in bulk form. e second and third terms, respectively, represent the confinement energy and the Coulomb interaction energy with a 1/d 2 and 1/d dependence on QD diameter. Finally, the last term is the Rydberg correlation energy, which is negligibly small for when ε ∞ of the semiconductor component is large.
Since spherical core/shell QDs are grown from two semiconductors with different lattice constants and thermal expansion coefficients at temperatures above 300 K, there will be an elastic strain developed across heterointerface. e elastic strain can modify the structural and electronic properties of the core and shell constituents in a way that is not seen in two-dimensional quantum wells and superlattices. In order to understand the strain effects on the structural and electronic properties of bare CdSe core and CdSe/ZnS core/shell QDs, we will use the recent extension of the universal Eshelby's elastic strain model [13] to study the strain effects in nanoscale spherical core/shell heterostructures at any temperature [14] [15] [16] . According to this model, one assumes that the core radius is much smaller than that of the shell constituent (a << b) of the spherical core/shell heterostructure and writes the interface strain in the core region as [16] 
where ε im � (a i − a m )/a m and (α i − α m )T are lattice and thermal mismatches, respectively. Here, a i and a m are lattice constants, and α i and α m are the linear expansion coefficients of the core and shell at 300 K. E i (E m ) is Young's modulus and ] i (v m ) is Poisson's ratio of the core (shell) semiconductor in bulk form, defined as E � (C 11 − C 12 )(C 11 + 2C 12 )/(C 11 + C 12 ) and ] � C 12 /(C 11 + C 12 ), where C 11 and C 12 are elastic stiffness constants. Advances in Materials Science and Engineering
Using the elastic constants C 11 � 10.2 GPa and 6.67 GPa and C 12 � 6.46 GPa and 4.63 GPa, linear thermal expansion coefficients α i � 7.30 × 10 − 6 K − 1 , α m � 6.9 × 10 − 6 K − 1 , and lattice constants a i � 0.607 nm and a m � 0.41 nm for CdSe and ZnS [17] , equation (5) gives ε i � − 3.70% compressive strain at interface of spherical CdSe/ZnS core/shell QD, which has positive lattice mismatch Δa/a � (a i − a m )/a m � 12.3% at room temperature. erefore, we can conclude that reliable modelling and precise determination of the magnitude of the strain effects on the electronic structure of nanoscale heterostructures is extremely important for predicting their potential and the simulation of the performance of nanoscale electronic and optical devices. In doing so, one must then modify equation (4) to the following expression in order to take into account the strain effects on the core band gap for a reliable understanding of charge confinement in CdSe/ZnS core/shell QDs [14] .
where E bc g (T, ε i ) is the strain-dependent band gap of the core semiconductor in bulk, which is obtained by using a statistical thermodynamic model of semiconductors [18] as
where P is the hydrostatic pressure acting on the band structure of the core region, given by
Logarithmic term ΔC 0 P T(1 − ln T) in equation (7) represents lattice vibration contribution to the band gap change. ΔC 0 P is the heat capacity of the reaction for formation of the electron-hole pair obtained by fitting the bulk band gap calculated from equation (7) at constant pressure to the measured band gap [18] , fitted to
which is known as Varshni equation [19] . Here α � 4.09 × 10 − 4 and β � 187 are constants for bulk CdSe. We can now use equation (7) to get a qualitative understanding of the variation of the core band gap with its diameter at any temperature.
Using the material parameters for CdSe and ZnS bulk semiconductors [17] , we calculated the effects of the interface strain, electron-phonon interactions, and charge confinement on the shift in core band gap of bare CdSe core QD and CdSe/ZnS core/shell QD as a function of temperature. Figures 7(a) and 7(b) compare the contribution of the interface strain and electron-phonon interaction (Figure 7(a) ) and charge confinement (Figure 7(b) ) on band gap decrease in band gaps of CdSe/ZnS core/shell QD. Figure 7 (a) indicates that electron-phonon interaction (lattice vibration) contribution to core band gap decrease is always less than zero, and interface strain and lattice vibration tends to decrease core band gap with temperature increase. However, Figure 7 confinement has parabolic dependence on the core diameter and becomes nearly flat as the core diameter is increased above 6 nm. Once first exciton energy (core bad gap) is determined from the UV-Vis absorption data using equation (1) , core diameter quantum dot can also be calculated by converting equation (6) to a quadratic equation as d is variable: Ad 2 + B d + C � 0, where A, B, and C are material parameter-dependent coefficients. e positive root of such quadratic equation will give the diameter of QDs. is will then allow one to calculate the core diameter of the bare core and core shell QDs from the first excited state energy extracted from UV-Vis absorption spectra. Figures 8(a) and 8(b) show the measured core band gaps and calculated diameter of bare CdSe core QDs synthesized at temperatures between 155°C and 180°C and processed at 1, 5, 10, 15, and 20 minutes, respectively.
A polynomial fit to the core band gap of bare CdSe QDs, processed at 5 min, suggests a parabolic temperature of the core band gap given as
where a, b and, c are coefficients, which can be strain-and temperature-dependent. e parabolic fit in Figure 8 is consistent with the fact that the band gap of most of the group IV elemental and groups III-V and II-VI compound semiconductors tends to decrease with increasing temperature, due to electron-phonon interaction and free expansion of the lattice constant with increasing temperature. Similar polynomial fit to the core diameter of CdSe QD is given by
where a * , b * , and c * , d, e, and, f are coefficients, which can be temperature dependent. a * � − 5.04 × 10 − 4 /K 2 , b * � 0.18/K, and c * � − 12.96 for 10 minutes of reaction time. Since there is only free thermal expansion of lattice constant in bare core QDs, shift in their band gap and diameter is mainly due to electron-phonon interaction with temperature increase. Since the lattice constant and thermal expansion coefficient of the CdSe core are greater than those of the ZnS shell of CdSe/ZnS core/shell QDs, the CdSe core region will be under compressive strain, resulting in an increase (decrease) in its band gap energy (diameter) as temperature is increased. Table 3 gives list of the UV-Vis maximum wavelength of absorption coefficient and corresponding first excited state energies (core band gaps) of CdSe/ZnS QDs core/shell QDS synthesized at 160°C and 170°C and processed for 1, 5, 10, and 20 minutes, respectively.
Using the results given in Table 3 , the unstrained and strained values of core diameters are compared in Figure 9 Advances in Materials Science and Engineering various reaction times, respectively. Calculated unstrained and strained diameters show a parabolic decrease (increase) as core band gap increase (decreases) at both temperatures. e strained core diameters are in excellent agreement with HRTEM results, which indicates that the bare CdSe core and core/shell CdSe/ZnS QDs synthesized at 160°C and 170°C for 20 minutes of reaction time have average particle sizes about 3.50 nm and 4.84 nm, respectively.
Conclusion
We presented the results of a comprehensive study of elastic strain e ects on the core band gap and diameter of spherical bare CdSe core and CdSe/ZnS heterostructure core/shell quantum dots that are synthesized by a colloidal technique at various temperatures. e XRD analysis suggests that the synthesized CdSe core and CdSe/ZnS core/shell QDs have a zinc-blende crystal structure. HRTEM measurements indicate that the bare CdSe core and CdSe/ZnS core/shell QDs have average particle sizes about 3.50 nm and 4.84 nm, respectively. UV-Vis absorption spectra measurements show that the increase of growth temperature leads to a decrease (increase) in the band gap (diameter) of CdSe/ZnS core/shell QDs. Furthermore, we also show that the e ect of elastic strain to the band gap change is greater than that of lattice vibration in CdSe/ZnS core/shell QDs at any temperature. e compressive strain causes an increase (decrease) in the core band gap (diameter) of spherical CdSe/ZnS core/shell QDs. Elastic strain-modi ed e ective mass approximation predicts that there is a parabolic decrease (increase) in the core band gap (diameter) of CdSe/ZnS core/shell QDs with temperature. e calculated core diameter of bare CdSe core and CdSe/ZnS core/shell QDs are in excellent agreement with HRTEM measurements.
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